Mouse hepatitis viruses (MHV) are a group of coronaviruses that can cause diarrhea, hepatitis, immunological dysfunction, acute and chronic neurological disorders, or subclinical infections in mice (3, 14, 62) . In vitro, MHV strains readily infect many murine cell lines, usually causing cell fusion and lysis. MHV infection is initiated by binding of the viral spike, a trimer of 180-kDa S glycoproteins (11, 16) , to a receptor glycoprotein on the cell membrane, followed by S-mediated fusion of the viral envelope with the cell membrane (60) . The first receptor identified for MHV, MHVR (also called Bgp1 a [24, 44, 65, 66] ), is a biliary glycoprotein (Bgp) in the carcinoembryonic antigen (CEA) family of the immunoglobulin (Ig) superfamily (7, 53, 65) . MHVR consists of four Ig-like extracellular domains, a transmembrane domain, and either a long or a short cytoplasmic tail (24, 42) . MHVR is expressed at the portals of virus entry on the apical membranes of intestinal and respiratory epithelial cells, on the luminal surfaces of endothelial cells, and in lymphoid cells, macrophages, liver, and spleen (15, 20, 31) . Bgps can function as cell adhesion molecules and may have signal transducing activity (41, 61) . Recognition of MHVR by the viral spike glycoprotein is the initial determinant of species specificity and tissue tropism of MHV infection, although subsequent steps in the virus life cycle, such as membrane fusion, virus uncoating, and replication, can also affect susceptibility to MHV infection (1, 13, 18, 24, 57, 69) . The viral spike protein and an anti-MHVR monoclonal antibody (MAb CC1) that blocks virus infection of mouse cells both bind to the N-terminal Ig-like domain of MHVR (referred to in this report as domain 1) (25, 30) .
In addition to MHVR, several other murine glycoproteins in the CEA family can also serve as receptors for MHV strain A59 (MHV-A59) when they are expressed at high levels in MHV-resistant nonmurine cells (22, 70, 71) . These receptor glycoproteins include an isoform of MHVR consisting of domains 1 and 4 (MHVR [1, 4] ) (42, 70) , homologous glycoproteins that have four or two Ig-like domains derived from MHV-resistant SJL/J mice (referred to as Bgp1 b [1] [2] [3] [4] and Bgp1 b [1, 4] , respectively) (22, 42, 67, 71) , the two-domain Bgp2 glycoprotein (44) , and brain CEA, a member of the pregnancyspecific glycoprotein family (9) . SJL/J mice are homozygous for the Bgp1 b allele. They are much more resistant to infection by MHV-A59 than BALB/c mice, and Bgp1 b binds virus poorly relative to MHVR (3, 4, 6, 19, 47, 71) . However, when recombinant Bgp1 b is expressed at high levels in MHV-resistant hamster (BHK) cells or in an embryonic fibroblast cell line derived from MHV-resistant SJL/J mice, these cells become susceptible to infection by MHV-A59, suggesting that receptor density may also affect cellular susceptibility to infection (22, 71) . The principal differences between MHVR and Bgp1 b lie in domain 1, which differs in 28 of its 108 amino acids (65, 67, 71) . The Bgp2 and bCEA glycoproteins are much less efficient receptors than MHVR (9, 22, 44) . The outcome of MHV infection depends on the strain of MHV, mouse strain and age, and the dose and route of administration of the virus (4, 18, 57, 63) . The different spike glycoproteins of various MHV strains may interact differently with the Bgp receptor glycoproteins, possibly affecting the tissue tropisms and virulence of the virus strains in the same host (13, 28, 48, 51, 70) .
Ig-related glycoproteins are specific receptors for poliovirus, rhinovirus, and human immunodeficiency virus (HIV) (reviewed in references 33, 45, 50, and 55), and soluble versions of these membrane glycoproteins have been used to study virus binding and uncoating. A truncated, soluble, anchorless form of the poliovirus receptor neutralizes virus by binding to and eliciting structural changes in the viral capsid (37, 68) . Soluble forms of ICAM-1, the major receptor for human rhinoviruses, also neutralize infectious virus by inducing conformational changes in the virion that resemble the normal process of uncoating (32, 34, 46) . The binding of soluble CD4 to soluble HIV gp120 spike glycoprotein elicits conformational changes in both gp120 and CD4 that are required for viral fusion at the cell membrane (17) . Several soluble forms of MHVR and Bgp1 b have been used to investigate the interactions between MHV and its receptors. A soluble, truncated glycoprotein consisting of MHVR domain 1 alone blocks MHV-A59 infection in vitro (23) , and a fusion protein consisting of MHVR domain 1 with the Fc domain of IgG showed differences in binding and induction of conformational change in the spike glycoproteins of two MHV-JHM variants (30) . Furthermore, unpurified soluble two-domain MHVR [1, 4] neutralizes MHV-JHM infectivity 500-fold better than the corresponding soluble two-domain Bgp1 b [1,4] (48) . This report describes the expression of a soluble, anchorless MHVR glycoprotein by using a recombinant vaccinia virus and the expression of five murine Bgp glycoproteins, plus two twodomain (domains 1 and 2) truncation mutants of MHVR and Bgp1 b , as anchorless, soluble glycoproteins by using a baculovirus expression system. These glycoproteins were purified to apparent homogeneity and used to compare their MHV-A59 binding activities and neutralizing activities for MHV-A59 and MHV-JHM.
MATERIALS AND METHODS

Cells and viruses.
Spodoptera frugiperda (Sf9) cells (Invitrogen, Carlsbad, Calif.) were maintained at 27°C in TC-100 medium (JRH BioSciences, Lenexa, Kans.) with 10% fetal bovine serum (FBS; Gemini Bioproducts, Calabasas, Calif.) and 2% antibiotics (penicillin, streptomycin, and amphotericin B; Gibco/ BRL, Gaithersburg, Md.). The 17 clone 1 line of spontaneously transformed BALB/c 3T3 fibroblasts, L2 cells (22) , and African green monkey kidney cells (Vero-76; American Type Culture Collection) were maintained in Dulbecco's modified Eagle's minimal essential medium (DMEM, Gibco/BRL) with 10% FBS and 2% antibiotics at 37°C and 5% CO 2 .
MHV-A59 was propagated and plaque assayed in 17 clone 1 cells (27) . The MHV-JHM strain used in this study has the spike glycoprotein sequence of isolate MHV-4/DL/Cl-2 described by Rowe et al. (52) . Vaccinia virus strain WR (kindly provided by B. Moss, National Institutes of Health, Bethesda, Md.) was propagated in CV-1 cells and used as the parent virus for vac-MHVR, which expresses soluble, anchorless four-domain MHVR (49) .
Antibodies. Anti-MHVR MAb CC1 binds to the N-terminal domain of MHVR but not Bgp1 b (25) , blocks virus binding to MHVR, and prevents virus infection of murine cells (24, 56, 66) . MAb CC1 and a control IgG1 MAb directed against an irrelevant antigen (the B subunit of cholera toxin) were used as supernatant media from hybridoma cultures. Polyclonal rabbit anti-MHVR antiserum 655 was prepared by inoculation with MHVR glycoprotein purified from Swiss Webster mouse liver by affinity chromatography with MAb CC1 (66) . In immunoblots, anti-MHVR antiserum 655 detects both MHVR and Bgp1 b glycoproteins but not Bgp2 (24) . The polyclonal goat antibody AO4 directed against purified MHV-A59 spike glycoprotein was previously described (59) .
Soluble MHVR from recombinant vaccinia virus. The recombinant vaccinia virus, vac-sMHVR, that encodes a soluble four-domain MHVR glycoprotein [truncated at amino acid 420, just prior to the transmembrane domain; designated sMHVR(vac)] is described in reference 49. Vero cells were inoculated with vac-sMHVR at a multiplicity of infection (MOI) of 10, and culture medium containing the secreted 106-kDa sMHVR(vac) glycoprotein was collected 48 h postinoculation. The sMHVR(vac) glycoprotein was concentrated as a 50 to 90% ammonium sulfate precipitate and then separated from serum proteins by preparative isoelectric focusing in a pH 3 to 10 gradient in a Rotofor apparatus (Bio-Rad, Hercules, Calif.). Fractions (pH 3 to 3.5) containing sMHVR(vac) glycoprotein were identified by dot blot analysis with MAb CC1 and then pooled and concentrated by ultrafiltration with a Centricon-10 (Amicon, Beverly, Mass.) before further purification by gel filtration on a Superose-6 column (Pharmacia, Piscataway, N.J.).
Recombinant baculoviruses expressing six-histidine-tagged soluble receptor glycoproteins. The baculovirus expression vector pAcMP2 (PharMingen, San Diego, Calif.) was digested with XbaI and BamHI, and preannealed oligonucleotides BZ4 and BZ5 (CTAGACTCGTCCCTAGAGGATCCCATCACCATCA CCATCACTAA and TCTTCGTGATGGTGATGGTGATGGGATCCTCTAG GGACGAGT; all oligonucleotides from Gibco/BRL) were ligated in to create pAcMP2(TH). The inserted oligonucleotides encoded a consensus thrombin cleavage site and six histidine residues that would be coupled to the carboxyl termini of proteins encoded by cDNAs ligated in frame into the XbaI site. The cDNA sequences encoding the leader and four extracellular Ig-like domains of MHVR (24) [1, 2] , and sBgp2 [1, 4] , respectively. Two additional constructs, pAcMP2(TH)-sMHVR [1, 4] and pAcMP2(TH)-sBgp1 b [1, 4] , were generated by combining pAcMP2(TH) with the products made by amplifying cDNAs encoding the naturally occurring 1,4 splice variants of MHVR and Bgp1 b (42), using oligonucleotides BZ1 and BZ2. The soluble, six-histidine-tagged glycoproteins encoded by these constructs are called sMHVR [1, 4] and sBgp1 b [1, 4] , respectively. The baculovirus expression constructs were cotransfected with BaculoGold DNA (PharMingen) into Sf9 cells, and progeny viruses were plaque purified according to the manufacturer's instructions. Diagrams of the constructs are shown in Fig. 1 .
Purification of soluble, six-histidine-tagged glycoproteins. Large-scale (0.5-to 1-liter) infections were done in the UCHSC Cancer Center Tissue Culture Core Facility, using spinner-adapted Sf9 cells inoculated at an MOI of 1 and grown in SF-900 II serum-free medium (Gibco/BRL) for 72 h. The culture medium was clarified by centrifugation (10,000 ϫ g, 30 min) and filtration (0.22-mm-pore-size filter; Millipore, Bedford, Mass.) prior to two 20-fold overnight dialyses at 4°C against Tris-buffered saline (TBS; 25 mM Tris [pH 7.6], 150 mM NaCl). The dialysate (approximately 1 mg of total protein per ml) was then loaded onto a 5-ml HiTrap metal affinity column (Pharmacia) previously charged with 10 ml of 100 mM NiSO 4 . After washing with TBS containing 5% glycerol (TBSG), bound proteins were eluted with a 0 to 500 mM gradient of imidazole (Sigma, St. Louis, Mo.) in TBSG. Fractions containing soluble recombinant receptor glycoproteins were identified by immunoblot analysis, pooled, diluted with 3 volumes of 25 mM Tris (pH 7.6)-5% glycerol, loaded onto an HR 5/5 MonoQ column (Pharmacia), and eluted at 100 to 150 mM NaCl in a 50 to 300 mM NaCl gradient. After analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with Coomassie brilliant blue G (Sigma), fractions containing purified receptor glycoproteins were pooled and stored at Ϫ80°C.
Because sBgp2 did not bind to MonoQ resin, the Bgp2 fractions from the nickel affinity column were pooled, dialyzed against phosphate-buffered saline (PBS) containing glycerol (PBSG; 25 mM sodium phosphate [pH 7.6], 50 mM NaCl, 5% glycerol), and loaded onto an HR 5/5 MonoS column (Pharmacia). sBgp2 was eluted with a 50 to 300 mM NaCl gradient in 25 mM sodium phosphate (pH 7.6)-5% glycerol and dialyzed against TBSG prior to storage.
The molecular weights of the purified soluble glycoproteins were estimated by comparison to the migration of known protein standards (Gibco/BRL), and protein concentrations were determined by using the Micro BCA assay (Pierce, Rockford, Ill.) with a bovine serum albumin (BSA) standard. Glycosylation of the purified glycoproteins was detected with a GlycoTrack kit (Oxford Glyco-systems, Rosedale, N.Y.). Typical yields from a 1-liter culture were 1 to 2 mg of purified receptor glycoprotein. The glycoproteins were purified to apparent homogeneity based on the absence of other bands in SDS-polyacrylamide gels stained with either Coomassie blue (Fig. 3A) or silver (data not shown).
For some experiments, the six-histidine tag was removed from 200 g of purified sMHVR [1] [2] [3] [4] by cleavage with 0.1 U of biotinylated thrombin (Novagen, Madison, Wis.) at 16°C for 16 h. The cleaved receptor was then purified by passage through streptavidin-agarose (Novagen) to remove the biotinylated thrombin and then a nickel-charged HiTrap column to remove cleaved sixhistidine tags and any remaining uncleaved His-tagged sMHVR [1] [2] [3] [4] . The flowthrough from these columns was concentrated by MonoQ chromatography, and fractions containing sMHVR [1] [2] [3] [4] were dialyzed against TBSG and frozen.
Immunoblots and virus binding assays. The soluble receptor glycoproteins (500 ng of each) and prestained molecular weight standards (Bio-Rad) were resolved by SDS-PAGE (12% gels), transferred to Immobilon-P membranes (Millipore), and blocked overnight at 4°C in TBST (25 mM Tris [pH 7.6], 150 mM NaCl, 0.1% Tween 20) supplemented with 5% powdered milk; all subsequent steps used TBST with 0.5% milk. Primary antisera, either anti-MHVR MAb CC1 or rabbit polyclonal serum 655 were used at a 1:4,000 dilution and incubated for 1 h. Duplicate blots were probed with control MAb IgG1 or normal rabbit serum. After washing, the blots were incubated for 30 min with a 1:4,000 dilution of the appropriate horseradish peroxidase-conjugated secondary antibody, either goat anti-mouse IgG (Cappel, Durham, N.C.) or donkey anti-rabbit IgG (Amersham, Arlington Heights, Ill.). Bound horseradish peroxidase-antibody complexes were detected with Renaissance Chemiluminescence Reagent and Reflection autoradiography film (DuPont/NEN, Boston, Mass.).
For virus overlay protein blot analysis (VOPBA), blots of purified receptor glycoproteins were blocked overnight at 4°C with TBST containing 2% BSA and then incubated for 1 h with 20 ml of MHV-A59 (10 7 PFU/ml). Bound virus was detected with anti-MHV-A59 spike antiserum AO4 and 125 I-protein A (10 Ci/ g, 10 5 dpm/ml; DuPont/NEN) and visualized by autoradiography (6) . Brush border membranes (BBM) purified from the small intestines of adult BALB/c mice were positive controls for virus binding, and BSA and BBM from adult SJL/J mice were negative controls (data not shown) (6) .
Virus neutralization assays. Dilutions of supernatant medium from vacsMHVR-inoculated cells or purified sMHVR(vac) were preincubated with 2 ϫ 10 4 PFU of MHV-A59 for 15 min at 37°C prior to inoculating onto L2 cells in 96-well culture plates. After 1 h at 37°C, the monolayers were washed and refed. At 7 h postinoculation, the cell monolayers were washed with PBS, fixed in methanol at Ϫ20°C, and air dried. The amount of viral nucleocapsid (N) protein in each well was measured by enzyme-linked immunosorbent assay as previously described (23) . Neutralization of MHV by sMHVR(vac) was calculated by comparing the amounts of N antigen in wells inoculated with MHV-A59 preincubated with sMHVR(vac) with that in control wells infected with MHV-A59 preincubated with buffer alone.
Virus neutralization by baculovirus-expressed receptor glycoproteins was done with purified proteins serially diluted in TBSG containing 0.1 mg of BSA per ml (Sigma). A 180-l volume of diluted receptor was mixed with 30 l (5,000 PFU) of MHV-A59 and incubated at 37°C for 1 h. The mixture was then diluted 10-or 100-fold with DMEM-10% FBS and immediately inoculated onto 17 clone 1 cells in six-well plates (0.3 ml per well, three wells per assay point). After adsorption for 1 h at 37°C, the inocula were replaced with 3 ml of DMEM containing 4% serum and 0.95% Noble agar (Difco). After 2 days at 37°C, the plates were overlaid with 1 ml of medium containing 0.95% Noble agar and 0.01% neutral red. Control plates were inoculated with MHV-A59 and incubated for 1 h at 37°C with TBSG-BSA (without soluble receptor protein). The percent virus neutralization by receptor glycoproteins was calculated as 100 Ϫ [(number of experimental plaques/number of control plaques) ϫ 100]. The results were graphed and fitted to a sigmoid curve, using the Origin 4.1 (Microcal, Northampton, Mass.) program. The amount of each soluble receptor that neutralized 50% of the virus is called the 50% neutralizing dose (ND 50 ). Table 1 reports the average values, standard deviations, and number of experiments used for each determination. For the soluble receptors that caused less than 50% neutralization at the highest concentrations tested, the ND 50 was approximated by extrapolation from the available data, and a minimum value is given in Table 1 . Representative experiments are illustrated in Fig. 4 and 5. The significance (P) of the differences in virus neutralizing activities of two soluble glycoproteins was calculated by one-way analysis of variance. The baculovirus expression vector pAcMP2 was modified by adding a consensus thrombin cleavage (Th. Cl.) site, a six-histidine tail, and a stop codon. Amplified DNA fragments encoding the extracellular domains of MHVR and Bgp were ligated in frame, using PstI and XbaI. All constructs were confirmed by sequencing. Expression in Sf9 cells is driven by the major basic protein promoter (MBP). Figure 2 shows that both unpurified sMHVR-(vac) and highly purified sMHVR(vac) neutralized MHV-A59 in a concentration-dependent manner. The purified sMHVR-(vac) (calculated ND 50 ϭ 20 nM) showed a 1,000-fold increase in specific activity over the crude sMHVR(vac) supernatant. Characterization of six-histidine-tagged, soluble murine receptor glycoproteins expressed by baculovirus. We constructed seven baculovirus expression vectors which encoded soluble, six-histidine-tagged MHVR-related receptor glycoproteins:
RESULTS
MHV
b [1, 2] , and sBgp2 [1, 4] (Fig. 1) . The secreted receptor glycoproteins were purified to apparent homogeneity from the Sf9 cell supernatant by nickel affinity and ion-exchange chromatography. The purified proteins migrated as broad bands, except for sBgp1 b [1, 4] , which migrated as two distinct bands (Fig. 3A) . The molecular weights of the glycoproteins were higher than expected based on their predicted amino acid compositions, probably due to glycosylation; all stained positively for carbohydrate (Fig. 3B) . Electrophoresis in nondenaturing gels and size exclusion chromatography showed that each of the purified glycoproteins migrated as a single peak corresponding to a monomer of the expected size for an Ig-like molecule (data not shown).
The sMHVR [1] [2] [3] [4] , sMHVR [1, 2] , and sMHVR [1, 4] glycoproteins were recognized in immunoblots by anti-MHVR MAb-CC1 (Fig. 3C) , which recognizes domain 1 of MHVR but not Bgp1 b or Bgp2 (25) . Rabbit polyclonal anti-MHVR antiserum 655, which recognizes both MHVR and Bgp1 b proteins (65), reacted with the six soluble proteins derived from MHVR and Bgp1 b cDNAs (Fig. 3D) . As expected, sBgp2 [1, 4] was not recognized by either MAb CC1 or 655, although this protein did react with a Bgp2 specific antiserum kindly provided by N. Beauchemin (McGill Cancer Center, Montreal, Quebec, Canada) (data not shown). Blots probed with control antisera showed no bands (data not shown). Thus, the antigenicities of the purified soluble, recombinant glycoproteins expressed in insect cells correspond to those of the anchored receptor glycoproteins naturally expressed in murine tissues and to recombinant murine Bgps expressed in nonmurine cell lines (22, 23, 65, 66) . VOPBA (6) was used to compare MHV-A59 virus binding to the purified soluble receptor glycoproteins (Fig. 3E) . sMHVR [1] [2] [3] [4] and sMHVR [1, 4] bound virus better than the two-domain sMHVR [1, 2] , suggesting that domains 2 and 4 have different effects on the virus binding activity of domain 1. The soluble sBgp1 b [1] [2] [3] [4] glycoprotein bound less MHV-A59 than sMHVR [1] [2] [3] [4] , and neither sBgp1 b [1, 2] , sBgp1 b [1, 4] , nor sBgp2 [1, 4] showed any MHV-A59 binding activity (Fig. 3E) .
Virus neutralization activities of purified soluble receptor glycoproteins produced by recombinant baculovirus. The soluble recombinant receptor glycoprotein sMHVR [1] [2] [3] [4] expressed in insect cells has the same four domains as sMHVR (vac), the glycoprotein expressed in mammalian cells by using recombinant vaccinia virus. To assay the biological activity of baculovirus-expressed, purified protein, 5,000 PFU of MHV-A59 virus was incubated at 37°C for 1 h with dilutions of sMHVR [1] [2] [3] [4] . The remaining infectious virus was assayed by plaquing on murine 17 clone 1 cells (Fig. 4) . Different lots of purified, baculovirus-expressed glycoprotein had 20-to 200-fold more virus neutralizing activity than vaccinia virus-expressed sMHVR(vac). The six-histidine tag had no effect on the strong virus neutralization activity of sMHVR [1] [2] [3] [4] , as removal of the tag did not affect virus neutralization activity (data not shown). We estimate that the number of sMHVR [1] [2] [3] [4] molecules at the ND 50 is approximately 10-fold greater than the estimated number of spike molecules (approximately 9 ϫ 10 8 spike proteins/assay, estimated as 5,000 PFU/assay ϫ 300 virions/PFU ϫ 200 peplomers/virion ϫ 3 spike proteins/peplomer). The higher yield, ease of purification, and enhanced biological activity of sMHVR [1] [2] [3] [4] in comparison to sMHVR(vac) justified the use of the baculovirus system for the production of the other six soluble receptor glycoproteins.
Although each of the purified baculovirus-expressed murine glycoproteins tested neutralized MHV-A59 in a concentrationdependent manner, there were highly reproducible differences between the ND 50 s of the various receptor glycoproteins (Table 1; representative experiments are shown in Fig. 4 and 5) .
sMHVR [1] [2] [3] [4] , the glycoprotein that corresponds to the anchored four-domain MHVR of MHV-A59-susceptible BALB/c mice, had the greatest virus neutralizing activity (ND 50 ϭ 0.7 Ϯ 0.6 nM). In contrast, the soluble four-domain receptor glycoprotein sBgp1 b [1] [2] [3] [4] , derived from MHV-A59-resistant SJL/J mice, had fourfold less MHV-A59 neutralizing activity than sMHVR [1] [2] [3] [4] (P Ͻ 0.001). Figure 5A shows that sMHVR [1, 4] , which corresponds to the natural two Ig-like domain isoform of MHVR generated by alternative mRNA splicing, has approximately the same MHV-A59 neutralizing activity as sMHVR [1] [2] [3] [4] . In marked contrast, the MHV-A59 virus neutralization activity of the natural two-domain sBgp1 b [1, 4] was at least 300-fold less than that of the corresponding four-domain sBgp1 b [1] [2] [3] [4] (Fig. 5C ; Table 1 ). Truncated MHVR and Bgp1 b glycoproteins containing only domains 1 and 2, sMHVR [1, 2] and sBgp1 b [1, 2] , had approximately 10-and 300-fold, respectively, less MHV-A59 neutralization activity than the corresponding soluble four-domain glycoproteins ( Fig. 4; Table 1 ). These results suggest that domains 3 and/or 4 of the four-domain receptor glycoproteins sMHVR [1] [2] [3] [4] and sBgp1 b [1] [2] [3] [4] are required for maximal virus neutralization activity. The soluble Bgp2 glycoprotein, sBgp2 [1, 4] , had the least MHV-A59 neutralizing activity (ND 50 ϾϾ 1 M) of all of the purified recombinant murine glycoproteins tested (Fig. 4) .
Although both MHV-A59 and MHV-JHM can use anchored MHVR as a receptor, the anchored Bgp1 b is a good receptor for MHV-A59 but not for MHV-JHM (13, 48, 69, 71) . We therefore compared the MHV-JHM neutralization activities of the purified anchorless sMHVR [1] [2] [3] [4] , sMHVR [1, 4] , sBgp1 b [1] [2] [3] [4] , and sBgp1 b [1, 4] glycoproteins ( Fig. 5B and D ; Table 1 ). The sMHVR [1] [2] [3] [4] and sMHVR [1, 4] glycoproteins had approximately threefold (P Ͻ 0.05) less neutralizing activity for MHV-JHM than for MHV-A59 ( Fig. 5A and B ; Table   FIG. 4 . The soluble MHVR-related glycoproteins expressed by baculovirus differ in the ability to neutralize MHV-A59. MHV-A59 (5,000 PFU) virions were preincubated with serial dilutions of the five purified soluble receptor glycoproteins. The surviving virions were quantitated by plaque assays, and the percent neutralization is plotted against the molar concentration of the purified glycoproteins. These data are from a representative experiment. The ND 50 s are summarized in Table 1 . [1] [2] [3] [4] glycoprotein had at least 300-fold less virus neutralizing activity for MHV-JHM than for MHV-A59, while the sBgp1 b [1, 4] glycoprotein had very little neutralizing activity for either MHV-JHM or MHV-A59 ( Fig. 5C and D ; Table 1 ).
DISCUSSION
Initial studies of the MHV-A59 neutralization activities of murine Bgp-related glycoproteins used affinity-purified, anchorless MHVR glycoprotein, sMHVR(vac), expressed in mammalian cells by vaccinia virus (Fig. 2) . This sMHVR(vac) glycoprotein effectively neutralized MHV-A59 infectivity (ND 50 ϭ 20 nM) and served as a benchmark for our studies using purified soluble receptor proteins expressed in insect cells. The sMHVR [1] [2] [3] [4] glycoprotein expressed in insect cells and purified to apparent homogeneity had 20-fold more MHV-A59 neutralizing activity (ND 50 ϭ 0.7 nM) than sMHVR(vac). Thus, soluble, biologically active sMHVR [1] [2] [3] [4] glycoprotein is produced in insect cells by infection with recombinant baculovirus even though the pattern of glycosylation in insect cells differs from that in animal cells (35, 36, 58) . This finding is consistent with the evidence that glycosylation of domain 1 of MHVR is not essential for MHV-A59 receptor activity (21) . Therefore, because of the high yield and biological activity of the receptor glycoprotein expressed in insect cells, the recombinant baculovirus system was used to produce the other soluble murine Bgps for MHV-A59 virus binding and neutralizing studies.
MHV-A59 virus bound strongly to purified sMHVR [1] [2] [3] [4] and sMHVR [1, 4] , less well to sMHVR [1, 2] and sBgp1 b [1] [2] [3] [4] , and not at all to sBgp1 b [1, 2] , sBgp1 b [1, 4] , or sBgp2 (Fig. 3E ). In VOPBAs, virus binding depends upon the affinity of the virus-receptor interaction and the renaturation of the receptor glycoprotein after SDS denaturation (6) . Despite this dependence on protein refolding, the rank order of virus binding activity among the soluble receptors in VOPBAs correlates with the virus neutralization activities of the soluble receptors and with the receptor activities of the corresponding anchored murine Bgp glycoproteins expressed at high levels in BHK cells (44, 64) . Although the four-domain receptor glycoprotein sMHVR [1] [2] [3] [4] bound more virus than sBgp1 b [1] [2] [3] [4] , the virus binding activity of sBgp1 b [1] [2] [3] [4] , derived from MHV-resistant SJL/J mice, was unexpected. Our previous studies using intestinal BBM from MHV-A59-susceptible adult BALB/c and MHV-A59-resistant SJL/J mice showed that anchored MHVR [1] [2] [3] [4] Quantitative analysis of the MHV-A59 neutralizing activities of the MHVR-related soluble glycoproteins expressed in insect cells revealed at least a 1,000-fold difference between the most and least active glycoproteins ( Fig. 4 and 5 ; Table 1 ). Overall, for each of the soluble receptor glycoproteins, these data correlated well with the virus receptor activity of the corresponding anchored glycoproteins (22, 44, 48, 64, 71) . This finding demonstrates that the soluble receptors produced in insect cells are suitable for in vitro studies of virus-receptor interactions.
Our experiments show that virus neutralization activity is primarily determined by the primary amino acid sequence of domain 1, in that each soluble MHVR glycoprotein had more activity than the corresponding soluble Bgp1 b glycoprotein ( Fig. 4 and 5 ; Table 1 ). Domain 1 of Bgp1 b differs from that of MHVR in 28 of its 108 amino acids, while domain 1 of Bgp2 is even more divergent (51 of 108 amino acids). Many of these amino acid differences lie in the putative C-CЈ loop, CЈ beta sheet, and CЈ-CЉ loop, which includes the MHV binding site (51, 64) . In contrast, the amino acid sequences of domains 2, 3, and 4 of MHVR and Bgp1 b are remarkably similar (five differences in 282 amino acids) (42) . Thus, the primary sequences in domain 1 of sMHVR [1] [2] [3] [4] , sBgp1
b [1] [2] [3] [4] , and sBgp2 probably account for the observed differences in their MHV-A59 binding and neutralizing activities.
These experiments also show that domains 2, 3, and 4 modulate the virus binding and neutralizing activities of domain 1. The sMHVR [1, 2] glycoprotein had markedly less MHV-A59 binding activity and had 10-fold less MHV-A59 neutralizing activity than sMHVR [1] [2] [3] [4] and sMHVR [1, 4] . Similarly, anchored MHVR [1, 2] is a poor receptor in comparison to MHVR [1] [2] [3] [4] and MHVR [1, 4] , even when expressed at high levels in BHK cells (64) . One major difference between the structures of Ig-related proteins that can affect their functions is the nature of the interdomain junctions (2, 40) . The junction between domains 1 and 2 of MHVR may have a different degree of flexibility than the junction between domains 1 and 4, which might affect the virus binding and neutralizing activities of domain 1. Perhaps domain 4, which is common to both sMHVR [1] [2] [3] [4] and sMHVR [1, 4] , maintains domain 1 in an optimal conformation for virus binding and neutralization. While sBgp1 b [1] [2] [3] [4] had some MHV-A59 binding and neutralizing activity, both the sBgp1 b [1, 4] and sBgp1 b [1, 2] glycoproteins had very little neutralizing activity. The amino acid differences in domain 1 of Bgp1 b may affect its interactions with other domains in addition to its direct effect on virus binding and neutralizing activities. Future structural studies of the purified proteins will allow comparison of the Ig-like domains of MHVR and Bgp1 b and their interdomain junctions. Several previous studies compared the relative MHV receptor activities of various anchored receptor glycoproteins, using transiently transfected cell lines to express the recombinant receptor glycoproteins (22, 48, 51, 64, 70, 71) . However, infection in these assays depends on the strain and MOI of the virus, the percentage of cells transfected, and the surface density of the expressed receptor glycoprotein in addition to its intrinsic receptor activity (10, 29, 30) . This report provides a quantitative comparison of the virus neutralizing activities of soluble forms of the receptor glycoproteins. If, as seems likely, the neutralizing activities of the soluble receptors provide a more sensitive assay for the differences between receptor glycoproteins than cells transfected with anchored receptors, our data predict that anchored Bgp1 b [1, 4] would be a very poor receptor for MHV-A59 compared with anchored Bgp1 b [1] [2] [3] [4] , while anchored MHVR [1, 4] and MHVR [1] [2] [3] [4] both would have the highest receptor activity. This may help explain why adult SJL/J mice are resistant to MHV-A59 infection (4, 39, 57) , even though Bgp1 b [1] [2] [3] [4] has only fourfold less virus neutralizing activity than MHVR [1] [2] [3] [4] . In BALB/c mice, both MHVR [1] [2] [3] [4] and MHVR [1, 4] would serve as effective receptors, while the SJL/J mouse would have only one functional receptor, Bgp1 b [1] [2] [3] [4] , since Bgp1 b [1, 4] probably has little receptor function. Susceptibility to infection may require that both the twoand four-domain receptors be functional receptors. Since Bgps may exist in the cell membrane as homodimers or heterodimers (5, 26) , in BALB/c mice both the two-domain and four-domain homodimers and heterodimers may be functional, while in the SJL mouse only the four-domain Bgp1 b [1] [2] [3] [4] homodimer may be functional. Unfortunately, the expression patterns of various isoforms of MHVR and Bgp1 b in particular cell types have not yet been determined (38, 44) .
Soluble receptors may neutralize virus by competing with cellular receptor for binding to the viral spike protein and/or by inducing conformational changes in virus attachment proteins that mimic the initial events of virus entry and uncoating. Soluble receptor glycoproteins that neutralize the infectivity of HIV, rhinovirus, and poliovirus induce conformational changes in HIV gp120 and the picornavirus capsids (8, 12, 32, 34, 37, 43) . Binding of an MHVR domain1-IgG Fc chimera to MHV-JHM results in the dissociation of the S1 and S2 subunits of the spike glycoprotein, a process that may resemble the natural entry process for MHV (30, 54, 60) and serves as a model for neutralization by soluble receptors. Fusion of MHV with the host cell membrane probably involves some sort of receptorinduced conformational change in S to bring the lipid bilayers close enough to fuse.
The different tissue tropisms and virulence of MHV strains may reflect differences in the ability to utilize the various receptor isoforms expressed on different murine tissues. We compared the neutralizing activities of the soluble receptors for MHV-JHM and MHV-A59. The sMHVR [1] [2] [3] [4] and sMHVR [1, 4] glycoproteins neutralized both virus strains quite well ( Fig. 5A and B ; Table 1 
